Day-to-day variability of electron density in the ionospheric F-layer: Data and TIME-GCM models
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Abstract—The Thermosphere-Ionosphere-Mesosphere-Electrodynamics Coupled Model TIME-GCM, linked to a model of the atmosphere below the 30 hPa level at 28 km, is used to investigate day-to-day variability of the midday ionospheric peak electron density at seven mid-latitude sites in the year 2002. Four different versions of TIME-GCM are used, with different couplings to the underlying middle and lower atmosphere. At all seven sites the actual day-to-day variability of NmF2 is about [twice?] the variability computed from the daily model outputs, possibly because of -------. [ideas???]. 

1.
Introduction 
The day-to-day variability in the F2-layer around 300 km, even on geomagnetically quiet days, has presented a puzzle for many decades. Rishbeth and Mendillo (2001) concluded from a statistical study for ten sites that about [? 30%] of this variability can be attributed to geomagnetic activity, about 10% to varying solar ionizing radiation, with the remainder not identified but strongly suspected to be due to some linkage to variations in the underlying lower atmosphere.  

In previous papers (Mendillo et al., 2002, Rishbeth et al., in press 2009) we discussed the seasonal and hemispheric patterns of F-layer peak electron density NmF2 and the neutral O/N2 ratio at midday and at night, as well as the numerical values of NmF2 at midday, for seven widely spaced sites at mid-latitudes. Past studies have shown that the daily values of NmF2 have typical standard deviations about the monthly mean of about 25% (Forbes et al., 2000, Rishbeth and Mendillo, 2001). We now study day-to-day variability at the same sites. Using the standard deviation of the midday values for the 10 International Quiet Days (IQD) and IDD? within each month, we compare the day-to-day variability in ionosonde data with that portrayed by global TIME-GCM thermosphere-ionosphere-mesosphere-electrodynamics models. 

Rishbeth et al. (ATP1526, re-submitted Jan 2009) found that the TIME-GCM model does well in modelling month-by-month trends in the F2-layer, especially at northern mid-latitudes. To investigate the possible influence of the lower atmosphere, we now use TIME-GCM in four versions with different assumptions about the atmosphere below 30 hPa (28 km), all with 5 degree resolution in latitude and longitude and a time step of 5 minutes. We compare the results for midday with real data for year 2002 in the falling part of the last solar cycle. Fig.1 shows the solar and geomagnetic indices for the year. 
Fig. 1. Solar-geomagnetic indices for 2002. [as in Rishbeth et al. 2009]

2. 
TIME-GCM model[s] for a ‘generic’ year of medium solar and geoomagnetic activity.
(Ray, is all this correct??? PLEEEEZE CHECK DETAILS)
Our basic model is the NCAR TIME-GCM as used by Rishbeth et al., (2009), extending vertically from 30 to 5x10-11 HPa (approximately 28 to 500-700 km), but here we use three variants for a ‘generic year’, called “t, u, v” in NCAR terminology, to investigate the variability caused by coupling from below 30 HPa, namely: [USE CAPS OR SMALL LETTERS C D E T ?] . Because of continuing problems with the ionospheric results for night, probably due to uncertainties in the upflux and downflux at the upper boundary, we present only daytime results.  [Could use Y instead of U? Which, or neither??]
T t:
“Control run” for an idealized year of constant solar and geomagnetic activity, with the slow annual changes in solar declination as the only varying extraterrestrial parameter. The time-varying lower boundary is matched to the monthly NCEP (National Center for Environmental Protection “climatological” (correct term??? reference???) model of the lower atmosphere at 30 hPa (28 km). NCEP is a zonally symmetric latitudinal variation of geopotential height and temperature from the empirical MSIS model (Hedin et al., 1978), with only a month-by-month seasonal variation. It includes global model tides and gravity waves but no planetary waves. The constant solar activity corresponds to a solar 10.7 cm flux of 150 and auroral forcing with 45kV cross-polar cap potential, and hemispheric auroral particle influx of 16 GW which roughly corresponds to Kp=2.
Uu.
Same as T except for using the daily NCEP planetary wave structure and its variation throughout the year 2002, combined with tidal forcing from GSWM and gravity waves. Thus the difference (U–T) shows the variability in the upper atmosphere caused by large-scale planetary waves and their interaction with tides, gravity waves and the mean atmospheric and ionospheric structure. 
Zz.
Same as T except for using daily solar F10.7 forcing and the time-dependent 3-hr Kp forcings for cross polar cap potential drop and auroral particle influx throughout the year. The difference (Z–T) shows the effect of realistically varying solar-terrestrial inputs.

These models are compared with electron densities NmF2, derived from the observed critical frequencies foF2 for year 2002, chosen as representative of mean F10.7=150, at seven midlatitude stations covering a range of latitudes and longitudes. The analysis uses average values over 11-13 hours local time. [Or is it just 12LT?]
3. 
TIME-GCM models for the real year 2002.

The basic model is [again] the NCAR TIME-GCM version ‘DEV7’ as used by Rishbeth et al., (2009),  but now we three variants to model the real year 2002, called “c, d, e” in NCAR terminology, to investigate the variability caused by coupling from below 30 HPa, namely
C c:
“All processes on”: daily solar-geomagnetic and auroral indices and coupling to daily NCEP at 30 hPa level;
D d:
Climatological: solar-geomagnetic indices fixed at mean 2002 values of 10.7 solar flux and Kp, coupled at 30 hPa to monthly mean NCEP conditions;
E e:
Daily solar-geomagnetic and auroral indices, monthly mean NCEP conditions at 30 hPa.

4. 
Day-by-day variability throughout the year.
We portray variability by the standard deviation of individual values about their mean.  Many past studies have shown that the F-layer described by NmF2 or total electron content (TEC) has a standard deviation about the monthly mean of typically 25% (Forbes et al., 2000; Rishbeth and Mendillo, 2001).  Rather than use only twelve monthly values of σ(%) per year per site, we adopt the method used in our earlier studies of 11-day segments throughout the year (Mendillo et al., 2002). Some of the figures are in the “quilt” format used in that paper to characterize patterns.    

Fig. A (top) gives an example of the standard deviation (in percent of the 11-day means) of midday values (average of 11-12-13 LT) for NmF2 from the seven sites throughout 2002.  Some sites have data gaps (e.g., Moscow and Hobart) that are shown in black.  The data sets in this panel conform to typical patterns of variability, but may be somewhat larger than monthly mean variabilities because of the smaller number of days included. There is a suggestion of equinoctial enhancements to variability in this panel.

In the middle panel, results of the same analysis applied to model output are given.  The immediate impression is one of lower variabilities throughout the year.  This implies that the physical processes used, with daily forcings from above and below, certainly drive variability but not to the extent found observationally.  One distinct feature is the higher variabilities seen at many of the sites near equinox.   In the bottom panel, we show the same type of quilt for the O/N2 ratio obtained from the model.  With the exception of Wakkanai, there is a clear correspondence between the variabilities near equinox in electron density and O/N2.

To explore further the degree to which equinoctial maxima in geomagnetic activity might contribute to variability patterns, above those caused by the rapid seasonal changes in solar declination, we examined the ten most quiet (QQ) and most disturbed (DD) days as portrayed by the daily geomagnetic index Ap.  The standard deviations of the 10 QQ and 10 DD days of each month were formed from the observed NmF2 at each site and are shown in the top panels of Fig. B.  For the QQ results (upper left), there is uniformly low variability, with the month of July particularly consistent at all sites.  The NmF2 quilt from the model has variability values rather less than those observed, perhaps indicating that the coupling from below is under-portrayed in the model.  The month of July is uniformly low, as with observations, but so are many other months in the year.  January is very variable at all the northern hemisphere sites, not in agreement with observations.  The lower left panel shows that the O/N2 ratio is most variable in January thereby accounting for the model’s over-portrayal of variability in daytime NmF2, with relative peaks in the months prior to and after July.  The equinoctial peaks in ionospheric variability at sub-auroral sites (Moscow, Chilton, Wallops Island and Hobart) found during several solar cycles by Rishbeth and Mendillo (2001) appear in this single year 2002 as well.  The model results for DD days (middle and lower panels) give far less variability at all of the sites, suggesting the need for more coupling from above.  Yet there are equinoctial maxima at the mid-latitude sites of Moscow, Chilton and Wallops Island, though such effects are not seen in the southern hemisphere sub-auroral site at Hobart.  Finally, the model variability on DD days is again linked to O/N2 changes (lower right). Neutral winds and electric fields must also contribute on DD days.

Fig. ??? shows the percentage standard deviation of the 11-day means of midday values (average of 11-12-13 LT) for the seven sites throughout 2002.  Some sites, notably Moscow and Hobart have data gaps shown in black. Each row in Fig H shows the standard deviation in 33 eleven-day segments at one site. Fig. J shows variability for the 10 International Quiet Days (left) and 10 International Disturbed Days (right) for each month of 2002, so each of its quilts has 84 patches.

In Fig. H, the data in the top panel conform to typical patterns of variability, though perhaps somewhat larger than monthly mean variabilities because of the smaller number of days used. There is some suggestion of equinoctial enhancement of variability.

The results for the 10 DD days in Fig. J (right panels) show the observed NmF2 to be more variable than found on QQ days, with relative peaks in the months prior to and after July.  The equinoctial peaks in ionospheric variability at sub-auroral sites (Moscow, Chilton, Wallops Island and Hobart) found during several solar cycles in Rishbeth and Mendillo (2001) appear in this year 2002 as well.  The model results for DD days (middle and lower panels) give far less variability at all of the sites, suggesting the need for more coupling from above.  Yet there are equinoctial maxima at the mid-latitude sites of Moscow, Chilton and Wallops Island, though these are not seen in the southern sub-auroral site at Hobart.  Finally, the model variability on DD days is again linked to O/N2 changes (lower right), so effects of neutral winds and electric fields must also contribute on DD days.

Fig. K gives examples of diurnal curves on the QQ and DD days at a few of the sites to show the types of patterns we attempt to capture using the quilt format to summarize all the sites.

Table 1.
Comparison of the C-D-E models

X
136-day run

[RAY????????]
5
Discussion

[Taken from bits from Ray or by Michael]
RAY-OK??: We saw in Section -- that the C-runs (with all processes ON) show much agreement with data.  Yet as seen in section -- the daytime variabilities are most often less than observed. This may well imply that the coupling from below is perhaps not very strong.  With the D and E runs we can make a few tests.
Since Run-D is ‘purely climatological’, with forcings from above kept constant and from below only slowly varying, we subtract the midday values E-D for NmF2 for each day of the year. (Fig E-D) [top plot(s) for each site in the attachment]. 

E adds some changes to D, but not much.  There are tiny differences in the middle of the year in the northern hemispheres, with somewhat larger ones at beginning and end of year. There are similar changes in the middle months of the year in the southern hemispheres. Thus, roughly speaking, there is a winter solstice effect [[contributed by the E-input]].
Since C has all processes ON (including the forcing from below, as in E), the difference (C-E) gives an idea of the contributions to variability from the solar and geomagnetic forcings changing day by day.  [lower plots for each site].  Notice that the same thing occurs; that is, the major changes in the northern hemisphere occur in Winter solstice months, and also in the southern hemisphere (beginning/ ending months vs. middle of year months, respectively). This is not the same as an "equinoctial maxima" in geomagnetic activity we might have expected [say why not].

In any event, the C runs tend to add to the trends caused by E-input early in the year and oppose (cancel and overwhelm) those trends later in the year for the northern hemisphere sites.  For the southern hemisphere, the C-input opposes and overwhelms mid-year (winter) trends.
This might explain why the C-runs do not have variability comparable to the data:  C cancels some of E. On first examination it looks like most lower atmosphere variability is associated with the 6.5 day wave near equinox that has shown up strongly in mesospheric data. Also I think the semi-annual variation and hemispheric differences are largely coupling from below with geomagnetic variations a contributing effect. Best regards,--Ray

 [from Henry: Yes, I  agree – though it depends whether you mean the semiannual variation in thermospheric neutral density [and ?temperature too if that’s real?] , which I agree must be from the mesosphere, OR the semiannual variation in NmF2 /foF2 which is WELL accounted for entirely within the thermosphere.
6
Conclusion

Day-to-day variability in the ionosphere has long presented a problem, especially in the F2-layer. In order to assess how much the E and F2 layers are influenced by the lower atmosphere, we have discussed the day-to-day variability at seven mid-latitude sites, with the particular object of determining how much of the variability is due to coupling from lower levels, particularly on geomagnetically quiet days when such coupling might be expected to be most noticeable. We have not tried to separate from other causes the effect of the diurnal, semidiurnal, etc atmospheric tides that drive the E-layer dynamo or of atmospheric gravity waves, whether originating in the auroral ionosphere or the lower atmosphere.
The lack of strong differences between the C, D and E models, with their different assumptions about the lower atmosphere (below 30 hPA or 28 km), suggests that the lower atmosphere does not have a strong influence on the thermosphere at heights of about 300 km. This is perhaps surprising in view of the difficulty of finding other reasons for the place-to-place differences in the F2-layer.
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Possible Figures – include plots; suggest Michael and Joei decide on which.
Fig. 1. Solar and geomagnetic activity in 2002. 
Fig. A (top) shows the standard deviation in percent of the 11-day means of midday values (average of 11-12-13 LT) for NmF2 from the seven sites throughout 2002.  
Fig. B (right panels) Results for the 10 DD days for NmF2. 
Fig. C Examples of diurnal curves on the QQ and DD days.
Fig. H.  Group of three quilts for ionosonde NmF2 (top), C-model NmF2 (middle), and C-model neutral O/N2 ratio on the pressure level nearest the F2 peak (bottom).
Fig. J.  (top panels) Standard deviations of the observed NmF2 on 10 IQQ and 10 IDD.
(rest of figure?)
Fig. K. Examples of diurnal curves on QQ and DD days.






